Gas-liquid two-phase flow occurs in a wide range of engineering applications in various industrial fields. For example, without being exhaustive, in the chemical and process industry, a two-phase flow is encountered in boilers, condensers, evaporators and reactors. In the petroleum industry, a two-phase flow is observed during the production and transportation of oil and gas.
Introduction
Several flow regimes occur in multiphase flows including stratified, intermittent and annular flow. Plug/ slug two-phase flow pattern, which is commonly defined as intermittent flow, is frequently encountered in industrial applications. Relevant examples are found in oil/gas production and transport lines. Classical flow maps (e.g. Baker [1] , Mandhane et al. [2] , Taitel and Dukler [3] ), indicate that the intermittent regime exists for a wide range of gas and liquid flow rates in a horizontal two-phase flow configuration.
Intermittent flows have been studied, both experimentally and theoretically, for many years. However, a full understanding of the nature of such flow has not been reached. This is mainly due to its complexity, irregularity and intermittency. Slug flow in extreme situations can be the cause of the damage of pipe systems or devices for several reasons among one may point out: -Large variations in gas and liquid flow rates (the latter, in the slug, being manifold the average value of the liquid phase).
-Considerable momentum of long slugs (for instance, considerable forces on pipe bends).
-Large pressure drops (high pressure gradients accompany the liquid slug).
-Resonance problems in case of slug frequency close to the resonant frequency of the multiphase pipe system. -In hydrocarbon production lines, where the fluids transported may contain corrosive agents (H 2 , H 2 S and CO 2 ) slug flow is found to present safety risks due to damage imposed on pipe walls.
For that purpose, accurate knowledge on the transition from stratified to slug flow as well as slug pressure, frequency and length variations happens to be necessary in order to be able to model and predict adequately this flow regime That constitute the main objective of this work. A flow regime was first build up as a mean of defining the transition from stratified to slug flow. Then the above cited parameters are statistically investigated.
Experimental facility and measurement techniques
The experimental set-up used to detect slugs is sketched in Fig. 1 mixing chamber feeding then, with the resulting two-phase component, the pipe made of Plexiglas. Prior to the recordings, the horizontality was first set; avoiding any transition due to the effect of the pipe inclination (Salhi et al. [4] ). Visualization of the flow regime is achieved at 7m from the inlet of the pipe using a Canon HG20 camera (1920*1080 full HD24 bits/s) with high resolution. Gas flow measurements, ranging from 10 l/mn up to 400 l/mn, are performed by two Rota meters VMRP010092 and VMRP010083 type. The liquid rate ranging from 10 l/mn to 68 l/mn are measured by an ultrasonic flow meter type PT878 portable.
Figure 1:
Description of the experimental loop.
Results and discussion

Flow regime
When gas and liquid flow simultaneously in a pipe, both phases can distribute in a variety of flow configurations, according to the operating variables (gas and liquid flow rates), geometry (pipe diameter and inclination angle) and the fluids physical properties. For the purpose of identifying the flow, it is important to define clearly, first, a flow pattern classification.
In concurrent horizontal and near horizontal pipelines, classical flow patterns (as depicted in fig. 2 ) were adopted and classified as follows:
Stratified flow: liquid flows at the bottom of the pipe with gas at the top.
Wavy flow: once increasing the gas velocity in a stratified flow, waves are formed on the interface and travel in the direction of the flow. The amplitude of the waves is notable and depends on the relative velocity of the two phases. However, their crests do not reach the top of the tube.
Elongated bubbles (plug flow): this regime has liquid plugs that are separated by elongated bubbles. The diameters of the elongated bubbles are much smaller than the tube such that the liquid phase is continuous along the bottom of the tube below the elongated bubbles.
Slug flow : at higher gas velocities, the diameters of the elongated bubbles become similar in size to the channel height. The liquid slugs separating such elongated bubbles can also be described as large amplitude waves. Some flow patterns in horizontal pipe.
Detection of flow regime
Flow pattern characterization in two-phase flow is in general obtained by visual observation. In this work, detection of flow was carried out using two methods: visualization and conductivity probes technique, this method was used by Solomon [6] and Griffith [7] . They applied this technique using a single conductivity probe. Friori and Bergles [8] and Bergles et al. [9] also used a conductivity probe for boiling flows in horizontal tubes; they used a single central probe and were able to detect differences among bubbly, slug and annular flow. Barnea et al. [10] identified the flow patterns in two phase horizontal and upward flows. The results show that this system is very well suited to distinguish among flow patterns. This method is well suited to opaque systems. The technique of conductivity probes is based on the significantly different electrical conductivity of air and water. Probes were placed at different position for the purpose of determining the flow pattern. Representative runs and digital images taken using Canon digital camera for each flow regimes observed in our experimental loop are presented in fig. 3. 
Flow regime map
In order to enhance the confidence level of our experimental investigation, a flow regime map was compiled. The experimental data, obtained for isothermal condition, is reported in Figure 4 Flow pattern map for D= 0.04 m horizontal pipeline.
Slug initiation
When gas and liquid flow in a pipeline, a slug pattern, for which aerated blocks of liquid bridging the whole cross section and moving intermittently downstream, can be observed. The way to which the slugs are formed is very important in predicting the conditions for slug pattern initiation and frequency.
In these experiments the observed conditions leading to slugging initiation of are presented in Fig. 5 . This is given as the critical superficial liquid velocity versus the superficial gas velocity (slug flow exists above and stratified flow below the points). For comparison, results obtained by Lin and Hanratty [11] are also included. Conditions for the transition from stratified flow to a slug flow.
Once formed, slug initially grows in length, with front traveling faster than the tail. It is possible for a slug to continue growing all the way along the pipe; this typically occurs for the first slug initiated in a stratified system. 
Slug flow parameters
Some of the most relevant properties of slug flow will be examined in the present subsection such as pressure gradient, slug frequency and slug length. Few theoretical methods are available for the prediction of these parameters. Instead, they are generally given by empirical relations based on limited data sets. As a result, the derived relationships are only truly applicable to a specific geometry and fluid pair.
Pressure variation
Pressure gradients were measured with a capacitive differential pressure transducer. The taps were placed at 5.29 m from the entrance of the test section. Measurements of the pressure fluctuations according to the superficial gas velocity, presented in Fig. 6 , prove that the reduction in J g is accompanied by a progressive reduction in the amplitude of the pressure fluctuation. By analyzing the signals of pressure, it is recorded that the fall of pressure of the film zone between two slugs can be neglected compared with that produced in the zone of mixture (Taitel and Dukler [12] ). Pressure variation for different superficial gas velocities.
Slug frequency
Several correlations have been developed to predict slug frequency defined as inverse of the slug period defined as the time that a slug unit needs to pass through the measuring device at a certain position from the inlet. A substantial amount of literature is available for predicting slug frequency; Al-Safran [13] provides an extensive literature review on frequency model ranging from simple correlations such as Gregory and Scott [14] and Heywood and Richardson [15] to more complicated ones that take into account the pipe length and mechanistic variables (Woods and Hanratty [16] ). The frequency of slugging was determined by treatment of the electric signal tension delivered by the piezoelectric pressure pick-up using a method similar to that proposed by Lin and Hanratty [11] , Fan et al. [17] , Woods and Hanratty [16] . According to these authors the onset of a slug in a point is accompanied by a sudden increase of the liquid and pressure levels. Therefore, based on the linear relation binding the pressure to the electric tension delivered by the sensor, the recorded peaks of tension reveal the passage of slugs. The slug frequencies are measured, accordingly, over time duration of 272 seconds. The results were then corroborated by counting the slugs during the visioning of the videos recorded simultaneously with the acquisition of the signal delivered by the sensor.
Figs. 7(a) and (b) show the effect of superficial gas velocity (Jg) for various superficial liquid velocities (Jl) on the evolution of the slugging frequency. In all cases, the frequency depends only slightly on superficial gas velocity (Fig. 7(a) ). In addition, the frequency of the slugs increases linearly with Jl ( Fig. 7(b) ) and does not seem to be affected by the increase of Jg as reported by Wang et al. [18] and Salhi [19] . 
Slug length
The length of the slugs was determined by the correlation of Taitel and Dukler [12] and by Andreussi et al. [20] . The latter connected the length L mb to the frequency f, for an intermittency factor I. Intermittency I is defined as the time fraction a slug is observed by a stationary observer:
The intermittency can be very roughly approximated as:
Furthermore, a number of studies (for example, Woods and Hanratty [21] ) show that:
We noted that the length of the slugs does not depend exclusively on the outputs of liquid and gas. Certain authors noted that the average length of the slugs varies little according to the velocity of mixture for air-water flow in horizontal pipeline. As an example, Dukler and Hubbard [22] then Andreussi and Bendiksen [23] observed that varies from 12 to 24d, of 12 until 30d for Nicholson et al. [24] , Nydal et al. [25] finds that varies from 15 until 20d, it is 13,63d until 29,31d for Salhi [19] . In our case, the average length of a slug varies between 12,77d and 33,24d, thus our results are slightly higher than those of Nicholson et al. [24] and Salhi [19] . Table 1 shows the mean stable slug lengths observed by different authors. Table 1: Variation of slug length.
Etude ( / ) Dukler and Hubbard [22] 12-24d 18 Andreussi and Bendiksen [23] 12-24d 18 Nicholson et al. [24] 12-30d 21 Nydal et al. [25] 15-20d 17.5 Salhi [19] 13. Brill et al. [26] were the first to suggest that the behavior length of the slugs follows a logarithmic distribution. It is important to point out that the average length of the slug's decreases when the superficial gas velocity increases (Figs. 8(a) and (b) ). Average slug lengths, with respect to the superficial gas velocity, for various superficial liquid velocities.
Concluding remarks
In this work, an experimental study of the slug flow in horizontal pipe was presented. The interest was focused, essentially, on pressure variations, frequency as well as length of slugs. The followings remarks hold: -The reduction in superficial gas velocity is accompanied by a progressive reduction in the amplitude of the fluctuations in pressure. -The slug frequency was invariant with pressure.
-The slug frequency of the slugs increases linearly with superficial liquid velocities.
-The slug's length decreases when superficial gas velocity increases.
